It is necessary that the weed area is discriminated from lawn area if selective spraying is applied to maintain a lawn field. However, both weed and lawn usually have similar green color in summer. In this paper, a color independent method using gray-scale uniformity in image was proposed for detecting the weed area. This method works based on different levels of uniformity for weed and lawn surfaces and could precisely detect only the weed leaves. The analysis results showed that a weed could be detected if its leaves are at least 5 pixels wide in image, while its length is enough to generate a minimum size blob. It was also found that the image had to be acquired at a short camera distance so that the soil among the lawn was visible and the lawn area had less uniformity.
INTRODUCTION
Machine vision is a useful application to provide detection ability for automatic machines, or even for robots. Efforts to develop a vision system for detecting weeds in lawn fields in the early stage is important when the automatic weeding machine is considered. Several studies have attempted to discriminate a weed from its background in order to apply spot spraying. For example, shape feature analysis on binary images for ten common weeds has been conducted by Woebbecke et al. (1994) to develop an image processing system that could distinguish between monocots and dicots weeds along with corn and soybean plants. Discrimination between crops and weeds has also been investigated by Shibata (1995) and a detecting method in non-herbicidal weeding operations has been developed. However, weed and lawn in lawn fields may have the same color, especially in summer when the color of both weed and lawn is green. So, a color dependent detection method such as RGB cannot be applied for this purpose. Regarding this issue, a study for detecting weeds in golf courses was also conducted by Mashita et al. (1992) using two different methods ; a color CCD camera and microwave. It was reported that the color CCD camera method is effective for winter, while the microwave method replaced the color CCD camera in summer. Kawamura et al. (1993) developed a combination of three different methods, the color CCD camera, the tactile sensor and the photo sensor. The color CCD camera was used to find weed flowers so that weed could also be found. The tactile sensor detected different strains between weeds and lawn when they were traced using a finger-like device, and the photo sensor with interference filters was used to detect weeds which have more chlorophyll contents than lawn. The gray-scale uniformity analysis was performed by checking the gray-scale value of every pixel with comparison to the neighboring pixels.
By doing a simple calculation on gray-scale values for the center pixel and its neighboring pixels, the desired information might be obtained.
Using a different technique, Otsuka and Taniwaki (1996) reported that the gray-scale uniformity was useful for an image of round leaf weeds in lawn fields. However, the method is limited to the detection of relatively big leaves compared to the lawn size as its background.
With regard to detecting targets and to finding the center of detected objects, several studies have been reported. For example, Kondo et al. (1996) investigated the detection of cherry tomato fruit positions in a lumped model. Each center of a cherry tomato fruit in a fruit cluster was calculated in a three dimensional space. The center detection was performed every time after the detected cherry tomato fruit was picked from the cluster until the last mature fruit was picked. As another example, Reed et al. (1995) developed a mushroom detection method. The center of a mushroom was detected on a thresholding image, while the third dimensional position, height, was measured by another sensor. In the case of weeds in lawn fields, it is not necessary to detect the third dimensional position, since the distance from the camera to the object would be fixed and the object does not move around. However, it is desirable that the center of spread leaves is detected if the detected weed is to be removed physically.
The objectives of this study are to detect weeds in lawn fields using uniformity analysis on a gray-scale image and to find the weed center which is to be used as a target for an automatic weeding system. This method is not only for round shaped weeds, but also for other shaped weeds as they are expected to be detected at an early stage of their growth.
MATERIALS
AND METHODS 1. Weed. In this study, weeds in lawn fields were grouped into three types, based on their physical appearance ; round shaped weed (RS) which has wide and short leaves, long shaped weed (LS) which has thin and long leaves, and medium shaped weed (MS) which is between RS and LS. Names and types of weeds The weeds observed in this experiment were acquired from their natural habitat (golf course) and at the same stage as they would be removed manually. The minimum and maximum widths of a single leaf of the weed were measured on image. Table 1 shows the weed leaf size and the lawn size as the background.
Experimental apparatus.
A video camera (NV-3CCD 1 Panasonic Movie Camera, f 1.6 lens vision angle, 1/3 inch CCD Image Sensor for RGB) equipped with two tripods, where the height of the camera mount place was adjustable, was used when images were acquired. Sunshine illuminance was measured using a brightness meter (MD-28 Takemura Electric Works Ltd.) with a measuring range of 0-200 000 lx. A video player, a color TV monitor, and an image capture board (NBCC PB9805, Japan Computer Board Co. Ltd.) which has an ability to capture image in 256 x 256 pixel resolution, RGB color signals, were used for image capturing.
This board was installed to a personal computer (PC98, NEC) that was also used for the image analysis. In this paper, two groups of image data were acquired at different times, June 1994 for the first group, and August, October and November of 1996 for the second group. Eight types of weeds (2 RS weeds, 4 LS weeds and 2 MS weeds) were observed from the lawn field for the first group under natural sunshine conditions with an illuminance range from 7000 to 40000 lx. The results of the image acquisitions at four camera distances (40, 50, 60 and 70 cm) were 32 images from 8 types. The second group data has eleven images (5 RS, 2 LS and 4 MS weeds) obtained by acquiring them under the same conditions as the first group, but the brightness range was from 3000 to 120000 Ix. The images were acquired at four camera distances (40, Vol.36, No.4 (1998) (37)229 60, 80 and 100 cm), which resulted in 44 images.
4. Image analysis. The images of the lawn field which had weeds , were inputted from the video player to the personal computer. The images were displayed on the TV monitor using the video player and were captured using the personal computer equipped with the image capture board at the clear focus.
The captured images were then stored in the same personal computer. In this study, some techniques for image manipulation were applied step-by-step to enhance the results for the uniformity analysis. Figure 1 shows the sequence of the operations and purpose of each step is explained in detail below .
Uniformity analysis: The uniformity analysis is an analysis that surveys the gray-scale uniformity of a certain area on an acquired image. If the certain area had relatively uniform gray-scale pixel values, a foreground sign (1) was given to the representative pixel as the result. On the other hand, if the gray-scale values of a certain area varied between one another , or resulted in poor uniformity level, a background sign (0) was given . The idea came from the fact that the weed surface is more uniform in gray-scale values than the lawn surface , since the weed usually has larger leaves than the lawn and the lawn surface has much fluctuation in gray-scale pixel values due to having many holes among it. Mathematically, the uniformity analysis was expressed as follows :
In the above equations, G( The next step was a labeling operation, which found all the blobs and labeled them to record their positions on the image. After labeling, every blob was checked for its size in a small blob elimination operation.
If the blob size was bigger than 81 pixels it would be considered as a weed and if the blob size was less than 81 pixels but larger than 64 pixels and its perimeter and area ratio (P/A ratio) was checked. If P/A ratio was more than 0.5, it means the blob has long narrow shape and therefore was also considered as a weed. The sizes of 81 and 64 pixels are representative of the average minimum size of weed leaf and maximum noise blob size produced by the lawn surface in image. Otherwise, the blob was considered as a noise and was erased. A five pixels expansion was performed to connect the rest of the blobs which were close to each other in a multiple expansion operation. Two or more blobs Center detection : After a clearer and stronger image was obtained, the final step is to find the center of gravity of every blob. Basically, one center was given to each blob. It is important to remember that some adjacent blobs were labeled as one weed in the second labeling operation, since they were connected by the previous operation.
For a group of small blobs, whose dimension were less than 100 pixels and had 10 pixels or less distance from each other, one center was assigned to their group, because the possibility that they were a single weed was very high. For a large blob whose dimension was more than 100 pixels, which was a result of connection with close blobs in the five pixels expansion , it was divided into small sections so that the divided section dimensions were between 50 and 75 pixels and then were given their centers. A group of small blobs with dimension less than 100 pixels (115 mm) was considered enough to be given a single spray. Equal or more than that dimension is considered to need to be given multiple sprays with distance among single sprays at between 50 pixels (58 mm) and 75 pixels (86 mm). Figure 3 shows an example of the success results, which are illustrated step by step. Image (b) is the result of the uniformity analysis based on the original image (a) . After noise elimination and holes filling, the noisy image was cleared as shown in image (c) . It is observed that image (d) could satisfactorily show the weed surface by the single expansion and small blob elimination methods. The multiple expansion step connects neighboring blobs in image (e). The multiple contraction step returned the sizes of the blobs but kept the information of blob connection. One center was assigned to every blob assumed to be single weed while plural centers were assigned to a big blob assumed to be a group of weeds as shown in image (f). The centers seem to correspond with the real weed centers . Figure 4 shows an example of failed results. There were LS weeds in image (a) and a very thin line was created by the uniformity analysis as shown in image (b). The results of the following steps were unable to detect weed surfaces and their centers in images (c)-(f) . Table 2 shows the numbers of weeds, detected weed centers, matched centers , mis-detected weeds, and mis-matched centers for every type of weed and every camera distance . The results of a correct detection for both image groups are shown in Fig. 5 , while Fig. 6 shows fault detection. Fault detection corresponds to the number of mis-matched centers in Table 2 .
RESULTS
From Fig. 5 , it was observed that the highest average of correct detection for the first group data was 89.4% (100% for RS weeds, 68.3% for LS weeds and 100% for MS weeds), which were obtained at a 40 cm camera distance. All the RS and MS weeds were properly detected at distances from 40 to 60 cm. The lowest average of the correct detection was 58.6% (75% for RS weeds, 25.8% for LS weeds and 75% for MS weeds), which was obtained at a 70 cm camera distance. For the second group of data, the highest average of correct detection was 94.7% (100% for RS weeds, 66.7% for LS weeds and 87.5% for MS weeds), which was obtained from a 40 cm camera distance. In the other distances more than 60 cm, the success rate was very low and the lowest average of correct detection was 1.3% (4% for RS weeds, 0% for LS weeds and 0% for MS weeds), which was obtained from an 100 cm camera distance. From Fig. 6 , it was observed that the lowest average of fault detection for the first group 232(40)
Environ. Control in Biol. Table 2 Weed types and number of weeds used in the experiment. data was 12.5% (0% for RS weeds, 25.0% for LS weeds and 12 .5% for MS weeds), which was obtained from a 60 cm camera distance . The highest average of fault detection was 33 .1%
(25% for RS weeds, 35.4% for LS weeds and 38.9% for MS weeds), which was obtained from a 70 cm camera distance. For the second group of data , the lowest average of fault detection was 5.6% (0% for RS weeds , 0% for LS weeds and 16.7% for MS weeds), which was obtained from a 40 cm camera distance . The highest average of fault detection was 31.7% (20% for RS 234(42) Environ. Control in Biol. weeds, 50% for LS weeds and 25.0% for MS weeds), which was obtained from both a 60 and an 80 cm camera distance.
DISCUSSION
From the results for the correct detection, it was observed that images acquired at the shortest camera distance (40cm) led to the highest correct detection for both groups of data and that the greater camera distance obviously led to a lower correct detection. A short camera distance for image acquisition provided more detailed information since black holes among the lawn were visible in the image. Small black holes among the lawn in the image were the color of the soil or the shadows of the lawn on the lawn field. With regards the type of weed, it was found that RS weeds were the easiest type to detect using this method and LS weeds were the most difficult one. For the fault detection results, a similar tendency was observed. It is important for an automatic weeding system to detect the location of the weed root .
Based on the results of this paper, a morphological algorithm should be developed to find the root location more precisely, even when the leaves are spread . The algorithm is aimed to include calculation of every blob orientation in order to check whether they are coming from a single weed or not.
